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Abstract
Using the International Project on Genetic Susceptibility
to Environmental Carcinogens (GSEC) database
containing information on over 15,000 control
(noncancer) subjects, the allele and genotype frequencies
for many of the more commonly studied metabolic genes
(CYP1A1, CYP2E1, CYP2D6, GSTM1, GSTT1, NAT2,
GSTP, and EPHX) in the human population were
determined. Major and significant differences in these
frequencies were observed between Caucasians (n �
12,525), Asians (n � 2,136), and Africans and African
Americans (n � 996), and some, but much less,
heterogeneity was observed within Caucasian populations
from different countries. No differences in allele
frequencies were seen by age, sex, or type of controls
(hospital patients versus population controls). No
examples of linkage disequilibrium between the different
loci were detected based on comparison of observed and
expected frequencies for combinations of specific alleles.

Introduction
Increasing our understanding of the role of genetic factors in
determining human susceptibility to the carcinogenic effects of
environmental agents has become a major research goal in
molecular epidemiology. The identification of high frequency
(�1%) genetic polymorphisms in genes associated with car-
cinogen metabolism (1–4) has allowed the development of
hypotheses that attempt to explain the high degree of individual
variability in cancer susceptibility that has been observed (for
example, among smokers).

Over recent years, numerous studies using case-control
approaches and generally based on 100–300 cases have exam-
ined the association of one or a few polymorphisms with cancer
risk (1, 5–8). Although progress has been made, many of these
studies have produced conflicting results, in part because of the
low penetrance of this category of susceptibility genes, result-
ing in insufficient power. Whereas the precise penetrance of
these genes is not known (see other publications from the
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GSEC3), it is clear that odds ratios of allelic variants rarely
exceed 2–3 in the general population, which makes sample size
a critical issue in case-control studies assessing the role of these
genes in cancer.

To clarify the role of individual and composite genotypes
at the most interesting and/or highly studied loci in cancer
susceptibility, we began, in 1996, to gather data from investi-
gators around the world on the frequencies of genetic polymor-
phisms of genes associated with carcinogen metabolism. A
more detailed description of this project, the International Pro-
ject on GSEC, has been recently published (9). It has been
demonstrated in many studies that allele frequencies of the
metabolic genes are not randomly distributed throughout the
human population but follow diverse ethnic and/or geographic-
specific patterns (10–13). However, no single published study
to date on these gene polymorphisms has been large enough to
precisely define the true population-specific frequency of most
of these alleles in normal control populations. Furthermore, it
has not yet been possible to determine whether other demo-
graphic variables are associated with specific allele frequencies.
In this work, the contributed data from 52 laboratories repre-
senting 73 separate studies (both published and unpublished)
have been pooled to characterize allele frequencies in 8 meta-
bolic genes in a very large sample (15,843) of control subjects
(defined as those individuals who served as the comparison
group for subjects with cancer in case-control studies or groups
of healthy individuals studied for other purposes) from different
regions of the world.

Materials and Methods
Data were received from investigators who had been contacted
or had learned of the study. Details of these aspects of the
GSEC project, including response rate, contact strategy, the use
of published and unpublished data, and definitions used for
covariates were presented in a previous publication (9). Orig-
inal data files were received for data that have been included in
previous publications (14–67). None of the data included any
personal identifiers. Noninformative consecutive identification
numbers were assigned to each subject at the time of receipt of
the data. It is therefore not possible to trace any particular
subject in the database back to his/her actual identity through
the identification number. All data on genotype were converted
to a standard nomenclature as described in the accompanying
letters by Garte et al. (68) and Ingelman Sundberg et al. (69),
and in other reports (70–72). Data were received from the
database in an Excel file, and all analyses were performed using
SAS version 7.1 statistical software. For comparisons between
groups, the �2 test was used. Multivariate analysis was used to
assess the independent contribution of demographic factors
such as race, age, sex, and national origin on allele frequency.
Frequencies of gene polymorphisms were analyzed only when
more than one study and more than 100 subjects were included
for that polymorphism or allele.

The great majority of the data were generated by PCR
analysis, although in a few older studies, some of the genotypes
were determined by Southern blot analysis. In all cases, results
were confirmed by PCR.

For CYP1A1, CYP2E1 and NAT2, all genotypes were in
HWE with P � 0.05 by �2 test. Each individual study or data
set was tested for HWE. Only one small data set received by the

GSEC study was not included, because data were found not to
be in HWE, and allele frequencies were far outside the expected
ranges.

Results
The database of control subjects analyzed for metabolic gene
polymorphisms consisted of 15,843 subjects. Of these, 12,525
were Caucasians (79.1%), 2,136 were Asians (13.5%), 936 were
African Americans (5.9%), 60 were Africans (0.4%), 186 were of
uncertain or other ethnicity (0.16%), and 75 had no ethnic
information in the database. For all analyses, Africans and
African Americans were combined, and those with uncertain or
missing ethnic classification were excluded.

Table 1 shows the number of studies and the number of
subjects according to their ethnicity for each gene contained in
the database. Table 2 lists all of the data on the frequencies of
the common polymorphisms for CYP1A1 and CYP2E1. Some
of these data are from studies where only one polymorphism
(for example only the Msp1 RFLP in CYP1A1) was examined.
Because not all studies included analysis of both polymor-
phisms for each individual, not all of these data could be used
for determining allele frequencies, which depend on informa-
tion from two major polymorphic sites for each individual for
CYP1A1 and CYP2E1. The data shown in the rest of the tables
include only those individuals for whom polymorphism anal-
ysis was done on both sites. However, even in these cases, a
true haplotype is not available because other less common
polymorphic sites in these genes were usually not analyzed. For
several genes (CYP1A1, CYP2E1, GSTM1, and GSTT1), there
were sufficient data from more than one ethnic group to make
comparisons between such groups as shown in Table 3. Fre-
quencies of most of the alleles exhibited large differences
between ethnic groups, especially for the CYP genes between
Asians and Caucasians. For some of the genes, data was avail-
able only for Caucasians. For GSTP, EPHX, and CYP2D6, the

3 The abbreviations used are: GSEC, Genetic Susceptibility to Environmental
Carcinogens; HWE, Hardy Weinberg equilibrium.

Table 1 Information on metabolic gene polymorphisms in the database by
ethnic group

Gene Ethnicity
No. of
studies

No. of
subjects

CYP1A1 Caucasian 33 5434
Asian 9 1144
African 5 505

CYP2E1 Caucasian 16 1966
Asian 5 719
African 2 40

GSTM1 Caucasian 50 10514
Asian 11 1511
African 7 479

GSTT1 Caucasian 29 5577
Asian 3 575
African 3 89

GSTP1 Caucasian 13 2282
Asian 1 243
African 1 82

NAT2 Caucasian 21 3979
Asian 1 36
African 1 7

EH Caucasian 5 922
Asian 1 123
African 1 21

CYP2D6 Caucasian 20 3530
Asian 0
African 2 272
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Table 2 Frequencies of CYP1A1 and CYP2E1 gene polymorphisms in different ethnic groups

Polymorphism Caucasians No. (%) Asians No. (%) Africans No. (%)

CYP1A1 Msp1 (CYP1A1*2A, CYP1A1*2B)
No. 4453 638 461
Homozygous (wild-type) 3670 (82.4) 268 (42) 268 (58.1)
Heterozygous 729 (16.4) 281 (44) 166 (36)
Homozygous (variant) 54 (1.2) 89 (14) 27 (5.9)

CYP1A1 exon 7 (CYP1A1*2B, CYP1A1*2C)
No. 4790 1132 481
Homozygous (wild-type) 4319 (90.2) 670 (59.2) 456 (94.8)
Heterozygous 444 (9.3) 407 (36) 25 (5.2)
Homozygous (variant) 27 (0.6) 55 (4.9) 0 (0)

CYP2E1 Rsa1 (CYP2E1*5A, CYP2E1*5B)
No. 1454 719 NAa

Homozygous (wild-type) 1344 (92.4) 428 (59.5)
Heterozygous 109 (7.5) 258 (35.9)
Homozygous (variant) 1 (0.1) 33 (4.6)

CYP2E1 DraI (CYP2E1*5A, CYP2E1*6)
No. 1360 286 NA
Homozygous (wild-type) 1162 (85.4) 138 (48.3)
Heterozygous 187 (13.8) 121 (42.3)
Homozygous (variant) 11 (0.8) 27 (9.4)

a NA, not available.

Table 3 Metabolic gene allele frequencies in different ethnic groups

Gene Race No.a Heterozygous Homozygous Allele

CYP1A1*1 Caucasians 3814 0.190 (0.13–0.27)b 0.795 (0.71–0.87) 0.890
Asians 626 0.460 (0.43–0.49) 0.395 (0.34–0.41) 0.625
Africans 445 0.465 0.432 0.664

CYP1A1*2A Caucasians 3814 0.105 (0.054–0.16) 0.005 (0–0.015) 0.058
Asians 626 0.272 (0.23–0.31) 0.0128 (0–0.056) 0.149
Africans 445 0.333 0.0517 0.218

CYP1A1*2B Caucasians 3814 0.064 (0.025–0.12) 0.0001 (0–0.0057) 0.032
Asians 626 0.331 (0.32–0.44) 0.0463 (0.031–0.058) 0.212
Africans 445 0.036 0 0.018

CYP1A1*2C Caucasians 3814 0.033 (0–0.095) 0.0021 (0–0.012) 0.0186
Asians 626 0.027 (0–0.032) 0.0016 (0–0.012) 0.0152
Africans 445 0.0135 0 0.00675

CYP1A1*3 Caucasians 735 0 0 0
Africans 464 0.177 0.0043 0.0927

CYP2E1*5A Caucasians 854 0.048 (0.034–0.095) 0.0012 (0–0.005) 0.0252
Asians 286 0.367 (0.35–0.38) 0.0594 (0.054–0.63) 0.243

CYP2E1*5B Caucasians 854 0.0105 (0–0.05) 0 0.00525
Asians 286 0.021 (0.006–0.045) 0 0.0105

CYP2E1*6 Caucasians 854 0.102 (0.08–0.12) 0.0023 (0–0.0032) 0.0533
Asians 286 0.126 (0.071–0.093) 0 0.0630

EPHX*3 Caucasians 685 0.398 0.117 0.316
EPHX*4 Caucasians 686 0.353 0.038 0.215
GSTM1*0 Caucasians 10514 0.531 (0.42–0.60)

Asians 1511 0.529 (0.42–0.54)
Africans 479 0.267 (0.16–0.36)

GSTT1*0 Caucasians 5577 0.197 (0.13–0.26)
Asians 575 0.470 (0.35–0.52)

GSTM1*0 Caucasians 5532 0.104
�T1*0 Asians 407 0.246
GSTP1*1 Caucasians 1137 0.493 0.438 0.685
GSTP1*2 Caucasians 1138 0.442 0.0413 0.262
GSTP1*3 Caucasians 878 0.126 0.0057 0.0687
NAT2*5 Caucasians 3847 0.482 (0.42–0.55) 0.219 (0.13–0.32) 0.46
NAT2*6 Caucasians 3618 0.430 (0.35–0.56) 0.070 (0.032–0.11) 0.285
NAT2*7 Caucasians 3129 0.055 (0.028–0.099) 0.0013 (0–0.071) 0.029

a No. refers to the number of subjects tested.
b Numbers in parentheses give the range of values for individual studies used.
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database contains relatively sparse information at the present
time, and frequencies for these genes are the most likely to be
imprecise. This may be particularly true for CYP2D6, which is
a complex gene with many alleles, only some of which have
been included in the current database. More accurate estimates
of CYP2D6 allele frequencies may be found in other publica-
tions; therefore, this gene has not been included in Table 3. The
range of values found in individual studies shown in Table 3
gives some idea of the degree of heterogeneity of the contrib-
uted data sets. As discussed in “Materials and Methods,” the
individual data sets were similar to the means presented here,
and all were in HWE.

To determine whether regional gradients of allele fre-
quency might exist within the Caucasian populations of Europe
and North America, we analyzed allele frequencies for
GSTM1*0, GSTT1*0, CYP1A1*2A, and NAT2*5 according to
nation of origin, as shown in Table 4. For the CYP1A1*2A
allele, German and Dutch populations had a significantly lower
frequency than the rest of Europe and North America, and for
GSTM1, Great Britain had a higher frequency of deletion than
the rest of the Caucasian population taken together. Although
the frequency of GSTM1 deletion in Portugal was also higher,
this was not significant when compared to the rest of Europe
and North America by �2 analysis. Three Scandinavian coun-
tries (Finland, Denmark, and Sweden) had a significant (�2 �
21.2; P � 0.001) and substantially lower (30% less relative to
the rest of Europe and North America) frequency of the GSTT1
deletion.

Among Asians, a significant difference between Japanese

and other Asians was observed for both GSTM1*0 and
GSTT1*0, with Japanese showing lower frequencies of both
deletions (Table 5). However, the numbers of subjects for each
of these countries was quite small, making any conclusions
regarding heterogeneity within the Asian group premature.

There were 9399 (61.9%) men and 5790 (38.1%) women
in the database. Asians had a higher proportion of men (77%)
compared with Caucasians and Africans (59% and 57%, re-
spectively). Information on sex was missing for 729 (4.6%)
subjects. As shown in Table 6, no differences in allele frequen-
cies by sex were seen among Caucasians for any gene except
for GSTT1. Men appeared to have a lower deletion frequency
than women. When the data were adjusted in a multivariate
model by country of origin, there was no difference for GSTT1
among Caucasians as a function of sex. Within the three Scan-
dinavian countries, there was no difference in GSTT1 deletion
frequency with sex. For Asians, no differences with sex were
observed for GSTM1*0, GSTT1*0, and CYP1A1*2A. For
GSTT1, the only data including women were from Singapore,
therefore the data in Table 6 for GSTT1*0 in Asians by sex refer
to Singapore only.

In Africans, a significant difference was observed in the
frequency of GSTM1 homozygous deletions between men and
women (Table 6). To better understand the source of the sex
differences observed, multivariate analysis was used, and sex
appeared to be the only significant variable for the observed
difference in GSTM1 polymorphism frequency.

The age distribution among the controls is exhibited in
Fig. 1. Age data were missing for 1935 individuals. No differ-
ences were seen for any polymorphism in any of the genes for
which sufficient information was available (GSTM1, GSTT1,
and CYP1A1) in any racial group as a function of age. There
appeared to be a trend toward higher rates of GSTT1 deletion
with increasing age (data not shown), but this was not signif-
icant.

We compared the frequencies of polymorphisms at the
CYP1A1, NAT2, GSTM1, and GSTT1 loci between controls
drawn from hospital and population sources. Although there
appeared to be differences according to source of controls for
GSTM1 in Caucasians and GSTT1 in Asians (Table 7), after
adjusting for sex and geographic area in a multivariate analysis,

Table 4 Geographic distribution of four metabolic gene alleles in Caucasian populations

Country CYP1A1*2A NAT2*5 GSTM1*0 GSTT1*0

Canada 0.0602 (299)a NAb 0.513 (304) 0.172 (274)
Denmark NA 0.466 (426) 0.536 (537) 0.129 (358)c

Finland 0.0621 (145) 0.465 (414) 0.469 (482) 0.130 (385)c

France 0.0527 (171) 0.393 (244) 0.534 (1184) 0.168 (512)
Germany 0.0442 (882)c 0.461 (701) 0.516 (734) 0.195 (487)
Italy 0.0891 (303) 0.457 (550) 0.494 (810) 0.163 (553)
Netherlands 0.0335 (419)c NA 0.504 (419) 0.229 (419)
Norway 0.0795 (107) 0.487 (371) 0.506 (423) NA
Portugal NA 0.457 (257) 0.583 (501) NA
Saudi Arabia NA NA 0.563 (895) NA
Slovakia NA NA 0.512 (332) 0.180 (322)
Slovenia 0.0654 (107) NA 0.520 (102) 0.255 (102)
Spain NA NA 0.497 (312) 0.205 (312)
Sweden 0.0743 (512) 0.496 (420) 0.559 (544) 0.130 (423)c

UK 0.0694 (310) NA 0.578 (1122)c 0.205 (922)
US 0.0662 (649) 0.432 (385) 0.543 (1751) 0.276 (286)

a Numbers in parentheses denote the number of subjects tested.
b NA, not available; US, United States; UK, United Kingdom.
c Statistically significant difference (P � 0.05, by �2 test) compared with the rest of the population combined.

Table 5 Geographic distribution of metabolic gene alleles in
Asian populations

GSTM1 GSTT1 CYP1A1*2A

Japan 0.476 (639)a,b 0.353 (167)b 0.159 (330)
Korea 0.521 (165) 0.515 (165) NAc

Singapore 0.562 (244) 0.519 (243) NA

a Numbers in parentheses denote the number of subjects tested.
b Statistically significant difference (P � 0.05, by �2 test) compared with the rest
of the population combined.
c NA, not available.
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we found that there was no association between control type
and genotype in either case.

Given the large number of subjects in the database, it was
possible to estimate the genotype frequencies of certain meta-
bolic genes. This was done for CYP1A1 and NAT2 for Cauca-
sians (Table 8). Genotype assignments were made only for
those subjects with available data on all the major polymor-
phisms. For the NAT2 gene, genotypes were computed both
using the data from almost 4000 subjects on the major allele
groups (*5, 6, and 7) and from subtypes *5A, *5B, *5C, and
*6A for a smaller set of subjects.

To test the hypothesis that there is no linkage disequilib-
rium between any of the loci examined here, we compared the
observed frequencies of heterozygous and homozygous com-
binations of several of the alleles (GSTM1*0, GSTT1*0,
CYP1A1*2A, CYP1A1*2B, CYP1A1*5A, CYP2E1*6, NAT2*5,
and NAT2*6) with those expected from their population fre-
quencies. All 25 possible double combinations for the different
genes were examined separately for Caucasians and Asians.
Some examples of these comparisons are shown in Table 9. In
no case were any significant deviations from expected allele

combinations observed, suggesting that for these alleles, there
is no linkage between any of the polymorphic alleles at these
loci.

Discussion
Estimates of the population frequency of the polymorphic met-
abolic gene alleles have been reported in numerous publica-
tions. However, these estimates have almost always been from
studies of a few hundred individuals at most. The expected
imprecision of normal allele frequencies obtained from rela-
tively few samples has sometimes led to erroneous conclusions
regarding genetic heterogeneity according to geographic or
other criteria. The availability of a large database on metabolic
gene polymorphisms has allowed for a more precise estimate of
the allele and genotype frequencies for many of these genes
than has been previously possible. Such data could be of use to
investigators for quality control purposes. For example, if in a
smaller study (among Caucasians at least), control allele fre-
quencies are observed to be significantly different from those

Fig. 1. Distribution of age among
the control population used.

Table 6 Metabolic gene allele frequencies as a function of sex

Gene Ethnicity Men (n) Women (n) Significance

GSTM1*0 Caucasian 0.526 (6015) 0.543 (4098) NSa

Asian 0.525 (1134) 0.541 (377) NS
African 0.233 (292) 0.321 (187) P � 0.034

GSTT1*0 Caucasian 0.181 (3181) 0.210 (2074) P � 0.010
Non-Scandinavian 0.206 (2129) 0.215 (1960) NS
Scandinavian 0.131 (1052) 0.114 (114) NS

Asian (Malaysia) 0.482 (108) 0.548 (135) NS
African NAb NA

CYP1A1*2A Caucasian 0.0543 (2173) 0.0635 (1566) NS
Asian 0.148 (526) 0.150 (100) NS
African 0.218 (172) 0.225 (229) NS

a NS, no significant differences between men and women by �2 test.
b NA, not available.
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reported here, investigators might consider increasing their
sample size or checking for methodological errors.

Sufficient data for several genes were available to estimate
genotype frequencies in Caucasian and, in some cases, Asian
populations. As was true for the allele frequencies, the genotype
distribution for CYP1A1 differed significantly between these
two ethnic groups. In Asians and Africans, the so-called wild-
type genotype CYP1A1*1/*1 is in fact present in less than half
of the population, which, along with similar situations for other
genes such as CYP2D6, calls into question the very concept of
the wild-type in human genetics, as has been discussed previ-
ously (73).

The frequency of the various NAT2 genotypes has not been
reported previously in any single study using populations of this
size, so this represents the first useful analysis of these frequen-
cies. It should be noted that not all alleles were evaluated in this
analysis because sufficient data were lacking to make any
improvement over existing published values for such alleles.

In addition to providing basic information on allele and
genotype frequencies, we were also able to test certain hypoth-
eses concerning genetic heterogeneity among and between pop-
ulations. Because of previously observed differences in allele
frequencies as a function of race, the population was divided
into three groups, Caucasians, Asians, and Africans. The latter
group included mostly African Americans as well as Africans.
The group of Asians included a small number of Asian Americans.
It should be stressed here that racial and ethnic identification is
a difficult task, especially in situations where considerable
admixture has been known to occur, and misclassification of
individuals of mixed ancestry is very likely. Furthermore, de-
fining ethnicity or race is probably not a biologically plausible
way to divide the human population in terms of genetic differ-
ences (74). However, for the purposes of convenience and for
hypothesis testing, we decided to perform the frequency anal-
yses starting with conventional definitions of ethnicity. The
often observed differences between population frequencies for
the three major racial groupings were confirmed for most of the
genes studied.

One of the hypotheses we examined was that the Cauca-
sian population would be heterogeneous with respect to many
of these alleles. We were able to test this hypothesis within the
limits of the sample size for certain of the more commonly
tested alleles. In general, there was very little heterogeneity
among Caucasians, although we did find a small degree of
heterogeneity between certain ethnic groups, with the largest
and most significant example being the frequency of the GSTT1
homozygous deletion in people of Scandinavian origin. It is not
yet clear whether the differences in CYP1A1*2A in the German
and Dutch populations are due to true population differences or
artifacts resulting from differences between laboratories. Fur-
thermore, these differences were comparatively small and pos-
sibly not biologically meaningful; the same may be said for the
difference in GSTM1 deletion in the British and Portuguese. A
more interesting difference, which probably reflects true pop-
ulation heterogeneity, was seen for GSTT1 between Scandina-
via and the rest of Europe and North America. This very clear
30% difference between Northern Europeans and Caucasians
from the rest of Europe is not easily explained and may be
important when comparing allele frequencies in case-control
studies when subjects might be from different European ori-
gins. However, given the fact that allele frequencies did not
vary very much among Caucasians, population stratification in
studies of polymorphisms among European Americans is un-
likely to be an important confounder (75).

Although a few differences in polymorphic allele frequen-
cies were seen as a function of sex or source of the population
(hospital versus population or other controls), most of these

Table 7 Metabolic gene allele frequencies as a function of source of control population (healthy community or hospital)

Gene Race Community (n) Hospital (n) �2 Significance

GSTM1a Caucasian 0.520 (5294) 0.546 (3206) 5.64 P � 0.018
GSTM1 African 0.279 (262) 0.254 (217) 0.38 NSb

GSTM1 Asian 0.522 (1265) 0.521 (165) 0.002 NS
GSTT1 Caucasian 0.183 (2735) 0.192 (2186) 0.64 NS
GSTT1a Asian 0.519 (243) 0.434 (332) 4.05 P � 0.04
CYP1A1*2A Caucasian 0.0598 (1964) 0.053 (1257) 0.45 NS
CYP1A1*2A African 0.215 (386) 0.246 (59) 0.26 NS
NAT2*5 Caucasian 0.458 (2276) 0.468 (971) 0.22 NS
CYP2E1*5A Caucasian 0.0153 (328) 0.0175 (343) 0.006 NS

a No significant difference when national origin was included with control source in multivariate analysis.
b NS, no significant difference between community and hospital controls.

Table 8 Genotype frequencies for CYP1A1 and NAT2

A. CYP1A1
Caucasians
(n � 3814)

Asians
(n � 626)

Africans
(n � 445)

*1/*1 0.795 0.395 0.432
*1/*2A 0.101 0.193 0.285
*1/*2C 0.0315 0.0208 0.0135
*1/*2B 0.0582 0.246 0.0315
*2A/*2A 0.0052 0.0128 0.0517
*2C/*2C 0.0021 0.0016 0
*2B/*2B 0.0013 0.0463 0
*2B/*2C 0.0016 0.0064 0
*2A/*2B 0.0045 0.0783 0.0045
*1/*3 0 0 0.135
*3/*3 0 0 0.0045
*2A/*3 0 0 0.0427

B. NAT2 Caucasians
(n � 3846)

NAT2 subtypes Caucasians
(n � 1164)

*4/*4 0.0725 *4/*5A 0.0306
*4/*5 0.210 *4/*5B 0.16
*4/*6 0.133 *4/*5C 0.017
*4/*7 0.0104 *5A/*5A 0.0596
*5/*5 0.219 *5B/*5B 0.117
*6/*6 0.0655 *5C/*5C 0.0036
*7/*7 0.001 *5A/*5B 0.024
*5/*6 0.255 *5A/*5C 0.0057
*5/*7 0.0174 *5B/*5C 0.0083
*6/*7 0.0169 *5A/*6A 0.0227

*5B/*6A 0.216
*5C/*6A 0.016
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differences proved to be due to confounding factors such as
geographic origin. An example was that of GSTT1*0, which
appeared to be higher in Caucasian women than men only
because of the 10-fold prevalence of men in the Scandinavian
studies. Multivariate analysis using the variables of sex, age,
and country showed that the differences were only significant
with respect to country and confirmed the lack of any effect of
sex (as expected because none of these genes is located on the
sex chromosomes) or source, with the exception of the differ-
ence in Africans for GSTM1 as a function of sex. This differ-
ence was statistically significant but difficult to explain biolog-
ically. It must be noted that the population used for this analysis
was relatively small (479 subjects); therefore, this result must
be confirmed with a larger sample size before being accepted as
resulting from some factor other than chance. No significant
differences were seen with age, despite an intriguing trend for
GSTT1*0 to increase from childhood through maturity. We
cannot speculate on the implications of a possible increase in
GSTT1 deletion with age; however, in a separate study, some
of the authors have found a significant increase in GSTT1
deletion among centenarians (76). The general lack of a sig-
nificant association between allele frequency and age may
allow epidemiologists to rule out the possibility that these
polymorphisms are determinants of overall survival. The lack
of any effect of choice of controls is important for comparison
of different case-control studies that use one or the other source
for the control population. These results also suggest that the
use of hospital controls in studies of metabolic gene polymor-
phisms does not introduce bias related to genotype frequencies,
although this work does not address other potential problems
that may occur with hospital controls.

Because genetic susceptibility to environmental diseases
probably must involve more than a single gene, it is useful to
know whether any of these gene polymorphisms might be in
linkage disequilibrium with each other. For example, if the
GSTM1 deletion and the CYP1A1*2B allele were found to-
gether in the same subject at a frequency higher than expected
from the independent frequencies of each polymorphism alone,
it could be indicative of a linkage between these alleles. We
observed no such evidence for linkage disequilibrium for any of
the possible double combinations of the eight alleles examined

in noncancer controls. This is an important finding to serve as
a control basis for analysis of such linkages in cancer cases. Of
course, this is not a rigorous proof of the absence of linkage
disequilibrium, and we have not tested for tri- or tetra-allelic
disequilibrium. It should be noted that examples of possible
linkage disequilibrium between certain metabolic genes were
seen in earlier studies: NAT1*10 was found to be associated
with NAT2*4 (77). There were not sufficient data on NAT1 in
the database to confirm this association.

In certain instances, the results presented here should be
used with some caution. For example for CYP1A1, allele fre-
quencies of the *2C allele are uncertain because there is still
inconsistency in the results between different laboratories. In
some laboratories, this allele is rarely or never seen, whereas in
others, it is fairly common. This difference is almost definitely
due to differences in laboratory methodology and should be
resolved by interlaboratory exchanges of samples and methods.
Although the population size used to make these estimates is
larger than any previously used, for certain of the rarer alleles
(such as NAT2*7A), the paucity of the available data makes it
difficult to estimate either allele or genotype frequencies.

It should also be emphasized that for most instances, the
allele and genotype frequencies presented here do not always
consider the complete spectrum of variants at a locus, due to
limitations in the available data. Rare or newer alleles that have
not yet been extensively analyzed (such as CYP1A1*4,
NAT2*14, and so forth) were not considered. For GSTM1*0 and
GSTT1*0, currently used methodology is unable to detect het-
erozygotes reliably, and therefore most studies did not present
data on GST heterozygous deletions. This makes calculation of
the GST deleted allele difficult. Newer methods (see below)
will allow for detection of the heterozygous deletion. Further-
more, there are two GSTM1 alleles, GSTM1A and GSTM1B
(78), which future analyses will have to take into account.

Among other limitations of this study is the fact that
information on race and age was collected in different ways by
each of the investigators and is therefore not standardized. This
is unlikely to have any effect on the results regarding age
because very small errors are expected, and no associations
were seen with age. As far as race is concerned, it is certainly
possible that some misclassification occurred, given the diffi-

Table 9 Examples of frequencies of observed genotype combinations compared to expected frequencies assuming nonlinkage

Genotype combination Race No. Observed Expected

GSTM1*0/*0 � GSTT1*0/*0 Caucasian 5532 0.104 0.105
GSTM1*0/*0 � GSTT1*0/*0 Asian 407 0.246 0.248
GSTM1*0/*0 � CYP1A1*1/*2A Caucasian 3192 0.0573 0.0558
GSTM1*0/*0 � CYP1A1*1/*2A Asian 509 0.132 0.144
GSTM1*0/*0 � CYP1A1*2A/*2A Caucasian 3192 0.0025 0.0028
GSTM1*0/*0 � CYP1A1*1/*2B Caucasian 3192 0.0326 0.0341
GSTM1*0/*0 � CYP1A1*1/*2B Asian 509 0.165 0.175
GSTM1*0/*0 � CYP1A1*2B/*2B Asian 509 0.0275 0.0245
GSTM1*0/*0 � CYP2E1*1/*5A Asian 283 0.209 0.194
GSTM1*0/*0 � NAT2*5/*5 Caucasian 3266 0.122 0.116
GSTM1*0/*0 � NAT2*6/*6 Caucasian 3069 0.0401 0.0370
GSTT1*0/*0 � CYP1A1*1/*2A Caucasian 2502 0.0164 0.0207
GSTT1*0/*0 � CYP2E1*1/*6 Caucasian 395 0.0253 0.0201
CYP1A1*1/*2A � NAT2*5/*5 Caucasian 1335 0.0217 0.0230
CYP1A1*1/*2B � (NAT2*4/*6 &

NAT2*5/*6 & NAT2*6/*7)a
Caucasian 1151 0.0278 0.0276

CYP2E1*1/*6 � (NAT2*4/*5 &
NAT2*5/*6 & NAT2*5/*7)b

Caucasian 409 0.0416 0.0491

a Refers to all NAT2*6 heterozygotes.
b Refers to all NAT2*5 heterozygotes.
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culty in making definitive assignments on race as discussed
above. However, all cases where race was either unknown or
unclear were excluded from the analysis.

Publication bias is always a possible limitation of com-
bining data from various sources as in a typical meta-analysis.
This may be less problematic in our work because unpublished
data sets were also requested and included in the total data set.

Differences in laboratory techniques for analysis of gen-
otype are probably not a major source of error, because most of
the PCR-based techniques currently used for such assignments
have become standardized. One exception noted above is the
use of allele-specific versus restriction site PCR for detection of
the CYP1A1 mutation 2455A�G in exon 7, which is contained
in CYP1A1 alleles *2B and *2C. Furthermore, for NAT2, many
of the commonly used PCR techniques do not assess all of the
identified polymorphisms. Newer high-throughput techniques
using fluorescent technologies or microarrays (79) will have the
capacity to produce data on genotype much more efficiently
than has been done to date, but standardization and common
usage of these new methods have yet to be achieved. The
analysis of polymorphisms in drug-metabolizing genes will
have an important role in establishing a panel of single nucle-
otide polymorphisms that have known functional significance
in post-genome analysis, not only in determining the role of
xenobiotics in cancer, but also in other multifactorial disorders
where environmental factors may be involved.

Because the information in the GSEC database continues
to grow as more investigators become participants in the study,
and new genes are added, it should be possible in the near future
to update the results presented here and to be more certain of
the true population frequencies. It is especially desirable that
more data will be forthcoming from Asian and African popu-
lations because these have been relatively underrepresented
thus far compared with data on Caucasians. With new methods
of high-throughput analysis, DNA samples from very large
cohorts (�100,000) may be used for detection of multiple allele
frequencies in a very efficient manner. It will be interesting to
compare frequencies determined by these methods with those
reported here, which were generally determined using more
standard PCR methods. Until such catalogues of allele frequen-
cies from hundreds of thousands of subjects are available, this
report presents the largest and most accurate estimate to date of
these frequencies in healthy populations.
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